Abstract-This paper presents the design, fabrication, and characterization of a planar broadband chessboard structure to reduce the radar cross-section (RCS) of an object. The chessboard-like configuration is formed by combining two artificial magnetic conductor (AMC) cells. The bandwidth limitations intrinsic to AMC structures are overcome in this work by properly selecting the phase slope versus frequency of both AMC structures. A 180 phase difference has been obtained over more than 40% frequency bandwidth with a RCS reduction larger than 10 dB. The influence of the incidence angle in the working bandwidth has been performed. A good agreement between simulations and measurements is achieved.
I. INTRODUCTION

B
ROADBAND radar cross section (RCS) reduction in a low profile configuration is a challenging objective to designers. At the same time, easy integration with any target that needs to be hidden or with any object for which reflection requires to be minimized is also desired.
Different techniques have been proposed in literature to reduce RCS: shaping, radar absorbing materials, and passive or active cancellation. Several solutions have been implemented in each of these RCS reduction techniques [1] - [10] , but narrowband behavior seems to be their common characteristic in low-profile designs.
The shaping principle is based on modifying the shape or the surface of the device under test (DUT) in order to redirect the scattered energy away from the source. One way of achieving this scattering goal using a planar configuration was proposed by the authors in [10] and [11] . The planar structure used, based on a combination of artificial magnetic conductors (AMC) and perfect electric conductors (PEC) in a chessboard like configuration, has shown the possibility of narrow band RCS reduction. The main advantages of the mentioned structure are its low profile and the possibility to conform it to any object shape while retaining its properties. In addition to this, the structure was simple to manufacture with standard printed board technology.
The working principle of the chessboard configuration is based in the destructive interference between the reflected wave produced by the AMC and PEC cells, which compose the chessboard configuration. Metallic cells reflect incident waves with a 180 phase change while AMC cells introduce a 0 phase change to the reflected wave at its working frequency. Combining these effects a 180 phase difference is created between the contribution of the PEC and AMC cells, obtaining destructive interference and achieving a null in the specular direction [10] .
The main limitation of the chessboard configuration is the narrowband behavior of the AMC structure. Outside this bandwidth, the AMC behaves as a PEC, and the condition for destructive interference is not satisfied anymore. This limitation can be overcome by substituting the PEC cell by another AMC structure operating at a different resonance frequency. This substitution allows the destructive interference condition to be complied with, at least, at the resonance frequency of both AMCs. Consequently, a dual-band design can be obtained [12] , [13] .
Apart from the previous results published by the authors in [12] and [13] , other authors have also presented similar structures with the same goals. For instance, in [14] and [15] , the combination of two AMCs structures for reducing the RCS is presented. These AMCs structures avoid the use of complex viahole unit cell configurations achieving frequency bandwidths below 4%. In another work [16] , a high permittivity dielectric is used to replace the AMC cells, with the dielectric-AMC and PEC combination acting the same as the one in [12] . However, since the bandwidth of the AMC over which it maintains a zero reflection phase is relatively narrow, it cannot function effectively over a wide frequency band. On the other hand, in [17] and [18] , a method that uses the effective phase differential between two different types of AMCs was developed. In this case, the operational bandwidth has been significantly increased, but only normal incidence was studied. As a matter of fact, the performance of the AMC degrades for off-normal incidence. In this paper, a novel design, where the AMC structures of a chessboard-like configuration have been properly selected to control the destructive interference during a larger frequency bandwidth, is presented. Preserving the destructive interference in a 0018-926X © 2013 IEEE broadband frequency region results in a broadband RCS reduction structure with low profile, which can easily be integrated with targets. Furthermore, a theoretical analysis of the behavior of the grating lobes as a function of the angle of incidence has been included into the paper. This study allows to predict the scattering directions of the chessboard structure when oblique incidence performance is investigated. These theoretical results have been compared with simulated results.
The paper has been structured as follows. In Section II, the theoretical calculation of the grating lobes reflected waves is included. Section III focuses on the selection of the AMC configuration, as well as the analysis of its reflection properties is carried out. The predicted scattered radiation and frequency bandwidth results of the overall chessboard structure are shown in Section IV for the normal incidence case. Section V includes the analysis of the same properties for the chessboard configuration but taking into account different angles of incidence. The fabrication process and measured results are included in Section VI, to finalize with the conclusions in Section VII.
II. THEORETICAL CALCULATION OF REFLECTED WAVES DIRECTION
As proposed in [10] , the directions where the reflected power will be redirected can be predicted using conventional array theory. A planar array consisting of counter phase elements (0 and 180 phase elements) in a rectangular grid configuration can be used for this prediction. Grating lobes theory fixes the scattering directions. The incident field to the chessboard is scattered to the directions defined by grating lobes supported on the mentioned array. Previous results presented in [10] only include the normal incidence case.
Grating lobes direction for a planar array with elements in phase is shown in [19] . This theoretical result can be adapted to obtain the directions of grating lobes of an array with a 180 progressive phase shift between its constituent adjacent elements. Therefore, the direction of the field reflected by the chessboard configuration can be predicted based on theoretical basics.
The grating lobes appearance direction for a given chessboard AMC cell dimension at a certain frequency can be calculated by complying (1) and (2). The incidence angle is referred as , and the working wavelength is .
defines the order of the grating lobes regarding the chessboard structure.
(1) (2) It can be noticed that the theoretical directions of the grating lobes in an array with counter phase elements are the odd order gratings of the counter phase array configuration. Even gratings are theoretically suppressed by the chessboard structure. 
III. AMC STRUCTURE DESIGN
A large variety of AMC structures that are appropriate to be used in the proposed chessboard configuration can be found in the literature [20] - [25] -square patches with and without vias, spirals, Jerusalem Crosses, dipoles, and rings, to mention a few. After an extensive analysis of their frequency behavior, mainly in terms of the slope of the reflected wave phase curve at the selected frequency region of operation, an AMC structure formed by Jerusalem Crosses (JCs) [26] , [27] has been selected to create the cells of the chessboard like configuration. No vias have been included to simplify the design and the manufacturing process. As a matter of fact, the vias have no significant effect on the phase slope versus frequency curve [27] and therefore will not affect the AMC performance. ROGERS 3010 material with a thickness of 1.27 mm and a dielectric constant of 10.2 has been chosen as substrate for the AMC structure. The selected frequency band of operation of the chessboard has been determined to be in the Ku band.
The two types of cells that constitute the chessboard are the two different arrays of Jerusalem Crosses presented in Fig. 1(a) . They exhibit a 0 phase reflection value at different frequencies: 13.5 GHz and 17.9 GHz respectively. Each AMC has been independently simulated in Ansys-HFSS [28] using a unitary cell with appropriate periodic boundary conditions. This is equivalent to an infinite AMC structure, implemented to obtain the characteristic phase versus frequency curve. Even though the size of the crosses is different; the same periodicity has been selected in both AMCs to be able to include an integer number of periods in each type of chessboard cells. Therefore, the final cell length and width will be a multiple of the AMC period.
As mentioned previously, the aim of the chessboard structure is to produce the required destructive interference between the reflected waves from both AMC structures in order to minimize the power reflected in specular direction. Therefore, the dimensions of both Jerusalem Cross AMCs have been optimized to achieve the 180 difference in the largest possible frequency band. This optimization process results in the dimensions depicted in Fig. 1 . The reflection phase versus frequency curves obtained after the optimization process for both AMCs are plotted in Fig. 2(a) The phase difference between the reflections of both AMC structures is shown in Fig. 2(b) . The phase difference of the reflected waves stays in the range 180 30 
IV. BROADBAND CHESSBOARD CONFIGURATION
Once the AMC structure has been optimized, a unitary 2 2 chessboard's cell array has been simulated in Ansys-HFSS, applying the corresponding boundary conditions to emulate an infinite structure. Each AMC cell is formed by 6 6 JC structures with a total dimension of 24 24 mm (see Fig. 3 ). A radiation boundary condition has been defined for the top surface in Fig. 3 to allow the RCS calculation of the structure. This specific AMC cell size has been selected to comply with the distance needed in the diagonal direction of the AMC cell to allow grating lobes appearance in the structure for the lower expected working frequency of the chessboard configuration (14.4 GHz). At the same time, the AMC cell has to be large enough to contain at least four periods of JC structures to ensure that the AMC behavior (0 reflection phase) is obtained [10] .
In order to validate the expected broadband characteristic, the monostatic RCS for normal incidence versus frequency has been determined (see Fig. 4 ). The chessboard RCS value has been normalized with respect to the RCS value of a metallic plate with the same physical dimensions also obtained with Ansys-HFSS. The analysis of Fig. 4 shows an operational band- width from 14.5 to 21.8 GHz (40.22%), where a reduction of the RCS value larger than 10 dB is found. The maximum RCS reduction has been obtained at 19 GHz with a value around 29 dB. The achieved bandwidth is in good agreement with the predicted bandwidth based on the 180 phase difference between AMCs (Fig. 2(b) ) calculated in the previous section.
The 3-D plot of the scattered field at the frequency where the maximum RCS reduction is achieved (19 GHz) has been depicted in Fig. 5 . This plot corresponds to a finite chessboard structure of 10 10 elements.
For a normal incident field ( 0 , 0 ) at 19 GHz, first-order grating lobes ( 0) are expected based on (1) and (2) at 28 for 45 phi cuts. Good agreement is shown with the phi 45 cut of the 3D pattern plotted in Fig. 6(a) . The power of the reflected field is about 6 dB below the reference metallic plate for each lobe.
In phi 90 and phi 0 cuts, the power is redirected to 41 (see Fig. 6(b) ). This direction should be canceled by the chessboard configuration according to theoretical results obtained by (1) and (2) . In fact, this grating is largely attenuated by the chessboard, being 15 dB below the amplitude of the reference metallic plate peak. A full cancellation is not achieved because the phase difference does not keep exactly the 180 .
V. BROADBAND CHESSBOARD INCIDENCE ANGLE VARIATION
One of the main drawbacks of this chessboard configuration is the dependence of the phase behavior of the AMC structure versus the plane wave incidence angle. The slope of the phase versus frequency curves changes with the incidence angle of the incoming wave. Therefore, the frequency band where a 180 phase difference between curves is obtained varies. As can be seen in Fig. 7 , the operational frequency band, where the destructive interference is achieved, is modified as a function of the incident wave angle. In general, the overall bandwidth is reduced when the incidence angle increases. This is translated into a reduction for the RCS broadband behavior. This phenomenon can be seen in Fig. 8 . However, the operational bandwidth can be considered as stable for incident angles below 10 . Table I summarizes the operational 10 dB RCS reduction bandwidth for each incidence angle.
The scattered field direction can be predicted by equations (1) and (2) when the incident angle is different from normal. As an example of the agreement between theoretical and simulated grating lobes performances, Fig. 9 depicts the 3-D scattered field of the chessboard for a 30 incident angle at 19 GHz.
Applying (1) and (2) for an incident angle of 30 , scattered power is theoretically diffracted at ( 21 , 62 ), and ( 63 , 21 ). The corresponding simulated results (HFSS analysis) are plotted in Fig. 10(a) . The grating lobes' scattered amplitude values are normalized versus the reflected amplitude of a metallic plate for the same incident angle, resulting 7 dB and 10 dB below for each phi cut, respectively. In addition, the field is also scattered at ( 35 , 34 ) with a normalized amplitude of 14 dB (see the simulated results in Fig. 10(b) for comparison proposes) .
Good agreement has been obtained between theoretical and simulated results for incidence different from normal. Note that this chessboard configuration for the case of a 30 incident angle not only supports first-order ( ) grating lobes but also second-order GL ( ). These last ones have not been included for simplicity.
VI. FABRICATION AND MEASUREMENTS
Once the structure has been simulated, a 288 mm 192 mm chessboard has been fabricated with a protolaser LPKF 200 machine (a detail of the structure is presented in Fig. 11 ). This size corresponds with a rectangular structure composed by 18 12 unit cells. Each unit cell is at the same time formed by 6 6 Jerusalem Cross AMC structures, respectively, and have the dimensions presented in Fig. 1 .
A setup for monostatic and bistatic RCS measurements (see Fig. 12 ) has been used to verify the theoretical results. The chessboard has been mounted in a vertical position, perpendicularly aligned with the emitting antenna. The receiver antenna has been swept in azimuth. Two different pairs of standard gain horn antennas have been used to cover the working frequency band from 12 to 24 GHz. These correspond with the following bands: 11.9 to 18 GHz and 14.5 to 24 GHz
The monostatic behavior of the chessboard structure has been evaluated by means of the horn antenna reflection coefficient characterization. The results are depicted in Fig. 13 . Note that time-domain gating has been applied in order to filter out any undesired reflection; only the reflection coming from the chessboard structure is taken into account. The measured bandwidth is 42% (from 14.8 to 22.7 GHz) for the Jerusalem Cross's chessboard configuration. Note that the bandwidth has been calculated with a 10 dB reflection coefficient. The measurements are in good agreement with the simulated predictions.
The bistatic response, i.e., the scattered field, in the 45 and 90 phi cuts have been depicted in Fig. 14 at 17 .5 GHz (best value of the measured RCS in Fig. 13 ). Simulated and measured results are presented either for the reference metallic board as for the proposed chessboard configuration. The scattered power in the different directions is clearly visible. At that frequency, taking into account the chess periodicity, grating lobes are expected based on (1) and (2) for normal incidence ( and 0 ) at 30 for the 45 phi cut. Nevertheless, in the 90 phi cut, an attenuated grating lobe can be observed at 41 for both cases, simulation and measurements due to the loss of the 180 phase difference between cells. Analyzing Fig. 14 , the agreement between the theoretical and the measured grating lobes is notable. Furthermore, the grating levels for measurements and simulations at the 45 cut match well. Nevertheless, the sidelobes for the simulated metallic case are not reproducible in the measurements. It is important to note that although the chessboard structure is placed in the far field of the transmitting horn antenna, some discrepancies are found because the simulations use an ideal incident plane wave.
In order to determinate the functioning of the chessboard configuration; the bistatic scattered field for the 45 cut has been measured under normal incidence for the frequency range from 12 to 24 GHz (see Fig. 15 ). For frequencies lower than 14.5 GHz, the chessboard configuration behaves as a PEC, i.e., the power is specularly reflected in the same direction as the incident wave. However, when the frequency reaches 14.5 GHz, the power is redirected away from the impinging direction. Finally, when the AMC behavior is lost, i.e., the 180 phase difference, the chessboard configuration behaves again as a conventional PEC. The theoretical angles where the scattered power should be redirected following the grating lobes theory as a function of the frequency are also depicted in Fig. 15 as white lines. It is worth highlighting that at frequencies below 14.5 GHz and above 23 GHz, there is no agreement between the white line and the measurements due to the fact that the energy is not scattered in the grating lobe direction because the 180 phase difference condition is not satisfied between the contributions of both AMC cells. Very good agreement has been obtained between the directions of the reflected power measured in the chessboard structure and the grating lobes direction for frequencies above 14.5 GHz. For the negative angle directions shown in Fig. 15 , a 5 deviation for the gratings can be seen due to misalignments in the measurement setup.
VII. CONCLUSION
Broadband RCS reduction has been achieved in a planar structure composed by the combination of two AMC structures properly designed to obtain a destructive interference between their reflected waves.
Using AMC structures based on Jerusalem Crosses, the 180 phase difference between the corresponding reflected phase curves has been obtained over a broad frequency band and for off-normal incident angles. This phase difference creates the destructive interference necessary for the RCS minimization at operational band achieving 40% working band using a RCS reduction threshold of 10 dB with respect to the RCS of a metallic plate. The dependence of bandwidth with the angle of incident wave has been determined either theoretically as simulated. The theoretical results predict adequately the appearance of the grating lobes for directions different from normal ones.
The proposed novel thin structure has been validated both theoretically using Ansys-HFSS as practically by performing measurements with a manufactured prototype. Good agreement has been obtained between simulations and measurements. 
